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Abstract
A search for a light charged Higgs boson (H+) decaying to a W boson and a CP-odd
Higgs boson (A) in final states with eµµ or µµµ is performed using data from pp colli-
sions at
√
s = 13 TeV, recorded by the CMS detector at the LHC and corresponding to
an integrated luminosity of 35.9 fb−1. In this search, it is assumed that the H+ boson is
produced in decays of top quarks, and the A boson decays to two oppositely charged
muons. The presence of signals for H+ boson masses between 100 and 160 GeV and A
boson masses between 15 and 75 GeV is investigated. No evidence for the production
of the H+ boson is found. Assuming branching fractions B(H+ → W+A) = 1 and
B(A → µ+µ−) = 3× 10−4, upper limits at 95% confidence level on the branching
fraction of the top quark, B(t → bH+), of 0.63 to 2.9% are obtained, depending on
the masses of the H+ and A bosons. These are the first limits on B(t → bH+) in the
decay mode of the H+ boson: H+ →W+A→W+µ+µ−.
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1The boson with a mass of 125 GeV, discovered in 2012 [1–3], is compatible with the Higgs boson
predicted by the standard model (SM) [4, 5]. However, this particle can also play the role of a
Higgs boson in an extended Higgs sector, which is predicted in many new physics scenarios
addressing the hierarchy problem [6], CP violation [7], or the mass of neutrinos [8]. As an
example, in two Higgs doublet models (2HDMs) [9, 10] the 125 GeV boson can be one of the
two CP-even Higgs bosons; this class of models foresees also one CP-odd (A) and two charged
(H±) Higgs bosons. The observation of additional Higgs bosons would be a clear indication of
physics beyond the SM.
We search for an H+ boson, produced in the decay of a top quark, and decaying to a W+ boson
and an A boson (Fig. 1). The charge-conjugated decays are implied throughout this Letter.
This production and decay mode of the H+ boson can be the most dominant one at the LHC
if the H+ boson is lighter than the top quark [11–13]. This is the first search of this kind at the
LHC. The decay mode H+ → W+A in top quark pair events for the mass range mW < mH+ <
mt −mb has been studied by the CDF Collaboration assuming that the A boson decays to bb
or τ+τ− within specific benchmark scenarios [14, 15]. The LEP experiments searched for pair
production of H+ bosons in the decay mode H+ →W+(∗)A with A→ bb, where an accessible
mass range was mH+ . 100 GeV [16–18].
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Figure 1: The Feynman diagram of signal processes (` = e or µ, WW→ `νqq′).
In this Letter, we consider ranges of mA from 15 to 75 GeV and mH+ from (mA + 85 GeV) to
160 GeV. The transverse momenta (pT) of the A boson decay products in this mass region are
typically as low as 10–40 GeV. We target the A→ µ+µ−decay mode, as the use of muons at this
energy scale has advantages over using jets or τ leptons in terms of identification efficiency,
momentum resolution, and robustness against the number of additional proton-proton (pp)
collisions in a single bunch crossing (pileup) [19–21]. Even though the branching fraction of
the A boson, B(A → µ+µ−), is expected to be small (.10−3) in models such as 2HDMs with
a softly broken Z2 symmetry [22], the experimental advantages offer a unique opportunity to
probe the H+ →W+A decay.
For the W bosons, the decay modes WW→ `νqq′ (` = e or µ) are considered. The major back-
ground for this search is tt production with at least one lepton originating from jets. Because
of the poor resolution of the reconstructed mH+ in the probed mass region, the presence of an
excess is investigated in the µ+µ− invariant mass distribution. The search is performed using
the pp collision data at
√
s = 13 TeV recorded by the CMS detector at the LHC in 2016. The
corresponding integrated luminosity is 35.9 fb−1.
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons are de-
2tected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.
A more detailed description of the CMS detector, as well as definitions of the coordinate system
used, can be found in Ref. [23].
The reconstructed vertex with the largest value of summed p2T of physics objects is taken to be
the relevant primary pp interaction vertex [24]. The physics objects are the track-based jets,
clustered using the anti-kT algorithm with a distance parameter of 0.4 [25, 26] and the tracks
assigned to the vertex as inputs, and the associated track-based missing transverse momentum,
taken as the negative vector pT sum of those jets.
The global event reconstruction is based on the particle-flow algorithm [19]. The algorithm
aims to reconstruct and identify each individual particle in an event, with an optimized com-
bination of information from the various elements of the CMS detector. The reconstructed
particles are classified as either photons, electrons, muons, charged or neutral hadrons.
The reconstructed leptons (electrons or muons) are discriminated from nonprompt leptons us-
ing tight identification criteria. Nonprompt leptons refer to leptons originating from decays
of hadrons or hadrons misidentified as leptons, and prompt leptons refer to leptons from de-
cays of W, Z, and A bosons, which also include leptons from decays of τ leptons originating
from these bosons. Electron candidates with pT > 25 GeV and within the tracker coverage
(|η| < 2.5), excluding the gap between the barrel and endcap calorimeters (1.44 < |η| < 1.57),
are identified using a multivariate method trained with the track and calorimetric features of
electrons as inputs [27]. Electrons from photon conversions are rejected using the information
on missing hits in the innermost layers of the tracker and the quality of a fit to a conversion
vertex [27]. Muon candidates with pT > 10 GeV within the coverage of the muon detector sys-
tem (|η| < 2.4) are considered for further identification. For the muon tracks, requirements are
placed on the number of hits in the pixel detector, the strip tracker, the muon spectrometer, and
the quality of the muon track fit [20].
Nonprompt leptons from semileptonic decays of B hadrons inside jets are the major source of
background. To remove such leptons, the corresponding tracks are required to originate from
the primary vertex and be well isolated. The transverse (longitudinal) impact parameters |d0|
(|dz|) of leptons [20, 27] are required to be less than 0.25 (1.0) mm for electrons and 0.1 (0.5) mm
for muons, and the |d0| value divided by its uncertainty is required to be less than 4 for both
lepton flavors. The isolation (Irel), which is defined as the ratio of the scalar pT sum of hadrons
and photons, within a cone of ∆R =
√
(∆η)2 + (∆φ)2 < 0.3 (0.4) around a lepton, to the lepton
pT, is required to be at most 0.06 (0.20) for electrons (muons) after correcting for the contribution
from pileup [20, 27].
Apart from these tight identification criteria, loose identification criteria are used for the esti-
mation of background from control samples in data and as a part of the jet and lepton veto
criteria. For these purposes, relaxed criteria on the pT of electrons (>10 GeV), the multivariate
discriminant of electrons, the muon track fit, the impact parameters of muons (|d0| < 2 mm,
|dz| < 1 mm), and the isolation of electrons (muons) (Irel < 0.4 (0.6)) are imposed.
The reconstructed particles are used to form jets and the missing transverse momentum ~pmissT .
Charged hadrons incompatible with the primary vertex are not considered in the jet recon-
struction, and the average neutral pileup contribution is subtracted from the jets [19]. Jets with
pT > 25 GeV within |η| < 2.4, which are not in close proximity to any loosely identified lep-
ton (∆R(j, `) > 0.4), are used in this search. The jets originating from b quarks are identified
using the combined secondary vertex algorithm v2 [28], and they are referred to as b-tagged
jets. The used working point assures an identification efficiency (misidentification probability)
3of '63 (1)% for jets originating from b quarks (u, d, s quarks or gluons). The ~pmissT is defined
as the negative vector pT sum of all the reconstructed particles in an event [19].
The search is performed using events with two oppositely charged muons and one additional
lepton (electron or muon) in the final state. Signal candidate events are first selected using
dilepton triggers [29]. Electron-dimuon events are selected by triggers that require the pres-
ence of an electron with pT > 23 GeV, and a muon with pT > 8 GeV. Trimuon events are
selected by triggers that require the presence of two muons with pT > 17 (8) GeV for the lead-
ing (subleading) muon. The trigger requirements on the leading (subleading) lepton target the
lepton from the W (A) boson. To ensure that the candidate events pass the trigger requirements,
an offline condition of pT > 20 GeV is required for the leading muon in trimuon events. Events
with exactly three leptons passing the tight identification criteria are used in the search, and
events with additional loosely identified leptons are rejected.
Additional conditions are imposed on the candidate events to reduce background contribu-
tions. All oppositely charged muon pairs in each event should have an invariant mass satisfy-
ing mµµ > 12 GeV and |mµµ−mZ| > 10 GeV to suppress background processes from the decays
of vector mesons or Z bosons. At least two jets, of which at least one is b-tagged, are required to
remove background contributions not involving b quarks. The remaining background events
are expected to be mostly from the tt production where at least one nonprompt lepton origi-
nates from a jet, with small contributions from other SM processes involving W/Z bosons or
photon conversions.
The invariant mass of two oppositely charged muons is used to reconstruct the A boson signal.
In trimuon events, this muon pair is selected using the muon pT and the transverse mass,
defined as mT(~p
µ
T,~p
miss
T ) =
√
2(|~pµT||~pmissT | − ~pµT · ~pmissT ), where ~pµT is the transverse momentum
of the muon. The values of pT and mT(~p
µ
T,~p
miss
T ) are typically lower for muons from A bosons
than from W bosons. Among two same-charge muons in the trimuon events, the muon with
lower (higher) pT is assigned to the A (W) boson. However, if the difference in pT between these
two muons is smaller than 25 GeV and only one of them satisfies 50 < mT(~p
µ
T,~p
miss
T ) < 120 GeV,
consistent with that of a muon from a W boson, then the other muon is assigned to the A boson.
The muons are correctly assigned to their true origins in 59–84% of the events, depending on
the mA and mH+ values. The variation of the efficiency to correctly assign a muon to its mother
boson is mainly due to the variation of the pT of muons from A bosons, and the efficiency is
lowest when mA ≈ mW.
Signal processes are modeled at leading order (LO) in quantum chromodynamics (QCD) with
MADGRAPH5 aMC@NLO v2.4.2 [30]. As the branching fraction B(t → bH+) is not expected
to be large [31–33], the decay channel tt → bbH+H− is not considered in the simulation. All
possible decay channels of the two W bosons are allowed, except processes where both bosons
decay to quarks, and the corresponding branching fractions are taken from Ref. [34]. Signal
processes are simulated for mA between 15 and 75 GeV and for mH+ between 100 and 160 GeV
in 10 GeV steps, under the condition that mH+ ≥ mA + 85 GeV. The choice of these boundaries
is motivated by the presence of low-mass mesons, which can decay to a muon pair, and the
mass range allowed for this production and decay mode of the H+ bosons. The mass of the top
quark is set to be 172.5 GeV. Since the widths of the H+ and A bosons are expected to be small
in many scenarios [22], we set their widths to be 1 MeV. The width value is less than 1% of the
detector resolution for an mµµ value, which varies between 0.15 and 0.88 GeV in the range of
mA considered.
Backgrounds containing at least three prompt leptons or two prompt leptons and one lep-
ton from a photon conversion are estimated from simulation. Diboson processes (WZ/ZZ),
4and SM Higgs boson processes with and without tt are simulated at next-to-leading or-
der (NLO) in QCD with POWHEG v2 [35–41]. Other processes are simulated using MAD-
GRAPH5 aMC@NLO. The ttW and ttZ processes are simulated at LO precision in QCD with
up to two additional partons and the MLM jet merging algorithm [42]. Production of tZ, tribo-
son (WWW/WWZ/WZZ/ZZZ), Zγ, and ttγ is simulated at NLO precision in QCD with up to
one additional parton and the FxFx jet merging algorithm [43]. The background processes are
normalized using theoretical cross sections at next-to-next-to-leading order (NNLO) or NLO in
QCD [30, 44–46]. In the case of the Zγ process, the normalization factor is measured using a
control sample of data events [47].
For both the signal and background simulations, the NNPDF3.0 set is used for parton dis-
tribution functions (PDFs) [48]. Pileup interactions, parton shower, and hadronization are
simulated with PYTHIA 8.212 [49], and the simulation of the underlying event is tuned with
CUETP8M1 [50]. All simulated events are passed through the GEANT4-based CMS detector
simulation [51].
The background yields from processes involving at least one nonprompt lepton from a jet (non-
prompt background) are estimated with the tight-to-loose ratio method [52]. The method esti-
mates the nonprompt background by applying extrapolation factors on the events with leptons
failing the tight identification criteria but passing the loose identification criteria. The extrapo-
lation factors are calculated from the probability of loosely identified leptons from jets to pass
the tight identification (tight-to-loose ratio), measured using a control sample enriched with
QCD multijet events containing a nonprompt lepton. The validity of the background estima-
tion is verified in samples enriched with nonprompt leptons from tt events and a simulated
sample of tt events with at least one nonprompt lepton.
The presence of a signal in the mµµ distribution is inspected by comparing the event yield in
the data to that of the estimated backgrounds, within a mass window specific to each value
of mA. The predicted background distribution in the mass window and sidebands, defined
as a mass range between the window edge and up to 5 GeV away from the window center, is
approximated by a linear function to estimate the background yield in each signal mass win-
dow. The widths (w) of the mass windows are optimized to maximize the median significance,√
2[(ns + nb) ln(1+ ns/nb)− ns] [53], where ns and nb are the numbers of expected signal and
background events in the window. The assumed signal rate for this criterion barely affect
the optimization. The optimization is performed in 10 GeV steps of mA. The signal windows
are placed in mass steps of 0.45–1.15 GeV with linearly increasing widths for intermediate mA
values between the optimization points. Each window is assigned an index from 1 to 95, in-
creasing with the value of mµµ at the window center, as shown in Table 1. The final expected
signal yields in the mass windows are determined by interpolation of the yields of simulated
samples.
Table 1: Summary of mass windows (|mµµ −mA| < w) for each mA hypothesis.
mA range (GeV) [15, 25) [25, 35) [35, 45) [45, 55) [55, 65) [65, 75) 75
Window index 1–23 24–42 43–59 60–73 74–85 86–94 95
mA step (GeV) 0.45 0.55 0.6 0.75 0.9 1.15 —
w (GeV) [0.5, 0.7) [0.7, 0.8) [0.8, 1.0) [1.0, 1.2) [1.2, 1.5) [1.5, 1.8) 1.8
The mµµ distribution of candidate muon pairs from A bosons and the event yields in signal
mass windows around the chosen values of mA are shown in Fig. 2. The corresponding fig-
ures and signal efficiencies for individual final states are available in Appendix A. As shown
in Table 1, the window index increases with the mµµ value of the window center (written in
parentheses in the right figure). In the presence of a signal, an excess in the yield is expected on
5top of the smooth background, as shown for mA = 45 GeV in the figure. The overlap between
consecutive windows leads to simultaneous excesses in these windows. The yield distribution
of a signal is mainly determined by the mA value.
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Figure 2: The mµµ distribution of candidate muon pairs from A bosons (left) and the event
yields in each signal window (right) in the eµµ and µµµ final states. A constant bin size (1 GeV)
is used in the left figure except the last bin of [80, 81.2] (GeV). Values of mµµ at centers of the
corresponding windows are written in the parentheses on the x axis of the right figure. The
expected signal distribution for mH+ = 130 and mA = 45 GeV is also shown on top of the
expected backgrounds assuming σ(tt) = 832 pb, B(t → bH+) = 0.02, B(H+ → W+A) = 1,
and B(A→ µ+µ−) = 3× 10−4.
No evidence of a signal is observed in the mµµ spectrum. Upper limits at 95% confidence level
(CL) on B(t → bH+) are set using the CLs criterion [54–56] based on the combined likelihood
of yields from the eµµ and µµµ channels. In the calculation, the tt production cross section is set
to the SM prediction of 832 pb, computed at NNLO in QCD, including soft-gluon resummation
to next-to-next-to-leading logarithmic order [57], and the branching fractions B(A → µ+µ−)
and B(H+ →W+A) are assumed to be 3× 10−4 and 1, respectively. The assumption on B(A→
µ+µ−) is motivated from the scale of the branching fraction when the A boson can decay to all
the quarks and leptons, which are lighter than mA/2, and each partial decay rate is proportional
to the square of the mass of the decay products. Such a mass dependency of the branching
fraction is commonly assumed in many Higgs boson models, and similar values of B(A →
µ+µ−) can be found in Ref. [22].
In the calculation of the limits, the systematic uncertainties are treated as nuisance parameters
with a log-normal distribution for their likelihood. The impact of the systematic uncertainties
on the result is small because of the large statistical uncertainty of the data. The largest source
of uncertainty arises from the estimation of the nonprompt lepton background, which is deter-
mined from both simulation and data. In the simulation, a comparison is performed between
the yield of simulated tt events passing the event selection and the calculated yield from the
tight-to-loose ratio method applied to the simulated tt sample. The tight-to-loose ratio from
multijet simulation is used in the calculation. In the data, the dependence of the tight-to-loose
ratio arising from uncertainties in the jet energy scale, the flavor of the parton that generates the
nonprompt lepton, and the estimation of the prompt lepton contribution in the control sample
for the measurement of the tight-to-loose ratio are considered. The first two sources are ex-
6amined by varying the pT selection applied to the jets or requiring the presence of a b-tagged
jet in the sample, and the last source is examined by varying the normalization of the resid-
ual prompt lepton contribution by its own uncertainty. Reflecting the observed differences, a
systematic uncertainty of 30% is assigned for this background.
Subleading sources of uncertainty arise from the limited sample size for the yield estimation
and from the approximations used in the determination of signal and backgrounds. Typical
uncertainties from the limited sample size are 20% for nonprompt backgrounds, 7% for simu-
lated backgrounds, and 1% for the signal. To determine the uncertainty related to the modeling
of the backgrounds using the sidebands, the sideband ranges are varied by 20%. Typical varia-
tions of the yields are 4% for simulated backgrounds and 10% for nonprompt backgrounds. For
the interpolation of the signal efficiency, the maximum difference between the interpolants in
two different divisions of the mass plane is examined, and a flat uncertainty of 5% is assigned.
The systematic uncertainties associated with other experimental and theoretical sources are
also examined. However, their magnitude is observed to be negligible compared to those of the
aforementioned sources. These include the lepton identification efficiency, trigger efficiency,
b tagging efficiency [28], the energy scale and resolution of leptons and jets [20, 27, 58], the
momentum scale of unclustered objects that affects ~pmissT [59], the integrated luminosity mea-
surement [60], the total inelastic pp cross section that affects the pileup modeling in simulation,
the measured normalization factor of Zγ processes, and the choice of PDFs, and factorization
and renormalization scales that affect the normalization of simulated samples and signal ac-
ceptances [44–46, 61].
The expected and observed upper limits on B(t→ bH+) for the 95 mA values defined in Table 1
are shown in Fig. 3. The corresponding limits for individual final states are available in Ap-
pendix A. The limits at eachmA value are shown for two H+ boson masses, mH+ = mA + 85 GeV
and mH+ = 160 GeV. The variation of the limits with mH+ values is found to be not significant
compared to the uncertainty in the expected limit for the given mH+ value. The observed upper
limit on B(t → bH+) varies between 0.63 and 2.9% depending on the assumed values of mH+
and mA, and B(t → bH+) > 2.9% is excluded at 95% CL in the entire search region. These are
the first limits on B(t→ bH+) in the decay mode of the H+ boson (H+ →W+A→W+µ+µ−),
which provide a direct constraint on t → bH+ → bW+A, more stringent than the previous
results reported by the CDF Collaboration, using different decay modes of the A boson [14, 15].
In summary, a search is performed for a charged Higgs boson H+, produced in the decay of
a top quark, and decaying further into a W boson and a CP-odd Higgs boson A, where the A
boson decays to two muons. The analysis uses proton-proton collision data at
√
s = 13 TeV,
recorded by the CMS experiment, corresponding to an integrated luminosity of 35.9 fb−1. A
resonant signature in the dimuon mass spectrum is searched in trilepton events for the ranges
of mA between 15 and 75 GeV and mH+ between (mA + 85 GeV) and 160 GeV. No statistically
significant excess is found. Assuming branching fractions B(H+ → W+A) = 1 and B(A →
µ+µ−) = 3× 10−4, upper limits at 95% confidence level on the branching fraction of the top
quark, B(t → bH+), of 0.63 to 2.9% are obtained, depending on the masses of of the H+ and
A bosons. The reported analysis constitutes the first search for the H+ → W+A process in the
A→ µ+µ− decay channel.
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A Signal efficiencies, mµµ distributions, event yields, and upper
limits on B(t→ bH+) for individual final states
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Figure A.1: The fraction of signal events passing the final event selection in the eµµ (left) and
µµµ (right) final states. The fraction is relative to the yield before the decays of the two W
bosons in the signal processes (tt → bbW+W−µ+µ−), which include the branching fraction of
each decay mode of the two W bosons (B) and the acceptance (A) times efficiency (ε) of the
event selection for the decay mode. All decay modes of the two W bosons are considered in
the calculation except the cases where both of the bosons decay hadronically.
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Figure A.2: The mµµ distribution of candidate muon pairs from A bosons (left) and the event
yields in each signal window (right) in the eµµ (upper) and µµµ (lower) final states. A constant
bin size (1 GeV) is used in the left figures except the last bin of [80, 81.2] (GeV). Values of
mµµ at centers of the corresponding windows are written in the parentheses on the x axis of
the right figures. The expected signal distribution for mH+ = 130 and mA = 45 GeV is also
shown on top of the expected backgrounds assuming σ(tt) = 832 pb, B(t → bH+) = 0.02,
B(H+ →W+A) = 1, and B(A→ µ+µ−) = 3× 10−4.
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Figure A.3: Upper limits at 95% CL on B(t→ bH+) for the 95 mA values, with an assumption of
mH+ = mA + 85 GeV (left) or mH+ = 160 GeV (right), for individual final states (upper: eµµ and
lower: µµµ final states). In the calculation, the same values of B(H+ →W+A), B(A→ µ+µ−),
and σ(tt) as in Fig. A.2 are assumed.
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